The loss of dopamine (DA) input to the striatum from the substantia nigra is the major factor contributing to the clinical features of Parkinson's disease. This disorder is characterized by symptoms of bradykinesia, rigidity, resting tremor, and loss of postural reflexes (Weiner and Lang, 1989 ). The bilateral destruction of substantia nigra DA neurons by the neurotoxin 6-hydroxydopamine (6-OHDA) produces symptoms in the rat that are analogous to Parkinson's disease (Zigmond et al., 1990) . The animals are extremely debilitated, however, so rats with unilateral striatal DA denervation are used as an alternative animal model. Following unilateral destruction of substantia nigra DA neurons by 6-OHDA, the hemiparkinsonian rat exhibits quantifiable functional asymmetries including contralatera1 sensorimotor neglect, contralateral resting tremor of the vibrissae, postural deviation, and spontaneous turning toward the lesion side (Ungerstedt, 197 1 a,b; Marshall, 1979; Buonamici et al., 1986) . The spontaneous turning behavior dissipates with time following the lesion, but the functional asymmetry can be re-exposed using drugs that stimulate DA activity. For example, both amphetamine and apomorphine induce rotational behavior in the hemiparkinsonian rat (Ungerstedt, 197 la,b; Pycock, 1980; Glick and Shapiro, 1985) . Amphetamine stimulates DA release and blocks DA reuptake by the presynaptic terminals. In rats with unilateral lesions of the substantia nigra pars compacta, the intact striatum has a greater number of nigrostriatal DA terminals than does the denervated striatum, producing an asymmetry between the two striata. Systemic amphetamine treatment results in rotational behavior away from the intact side and toward the lesion side (Ungerstedt, 197 1 a; Pycock, 1980; Robinson and Becker, 1983) . This ipsiversive turning behavior has been used extensively as a behavioral measure of the asymmetry in presynaptic striatal DA function. In contrast to amphetamine, a systemic injection of apomorphine produces rotational behavior in the direction away from the denervated striatum. Apomorphine is a DA receptor agonist, acting at both D, and D, DA receptor subtypes. The contraversive rotational behavior induced by apomorphine has been attributed to postsynaptic DA receptor supersensitivity that occurs following DA denervation (Ungerstedt, 197 1 b; Creese et al., 1977) . One conventional measure of postsynaptic DA receptor supersensitivity in the hemiparkinsonian rat is the upregulation of D, DA receptors within the denervated striatum, and this measure is thought to be correlated with the magnitude of apomorphine-induced rotational behavior (Creese et al., 1977) . The contraversive turning induced by apomorphine, therefore, has been used as a behavioral measure of the asymmetry in striatal postsynaptic DA receptor function.
Intraventricular adrenal medulla grafts have been found to decrease both amphetamine-and apomorphine-induced rotational behavior in rats with unilateral striatal DA depletions (Freed et al., 198 1; Becker and Freed, 1988a) . A decrease in the rotational behavior induced by either drug is thought to reflect the restoration of functional symmetry across the two striata, and has been interpreted as behavioral recovery of function. The mechanisms by which adrenal medulla grafts ameliorate these behavioral symptoms are currently topics of investigation. A prevailing hypothesis suggests that a graft-induced decrease in the rotational behavior induced by amphetamine and a decrease in the behavior induced by apomorphine would result if changes in both pre-and postsynaptic function are occurring simultaneously. It has been proposed that intraventricular adrenal medulla grafts supply DA to the denervated striatum. The graft-derived DA would then act as a new source for presynaptic DA and thus decrease the presynaptic asymmetry; the interaction of the graft DA with the postsynaptic DA receptors would decrease the receptor supersensitivity and thus the postsynaptic asymmetry. We have recently found, however, that intraventricular adrenal medulla grafts can independently affect rotational behaviors induced by amphetamine versus apomorphine (Becker et al., 1990a; Curran and Becker, 1991) . Specifically, some animals exhibit a graft-induced decrease in the behavioral responses both to amphetamine and to apomorphine, but others show a graft-induced decrease in the response only to amphetamine or only to apomorphine. The ability of intraventricular adrenal medulla grafts to promote a decrease in only one behavior would suggest, therefore, that the mechanisms reestablishing the symmetry in presynaptic DA function between the intact and DA-denervated striatum are independent of the mechanisms reestablishing the symmetry in postsynaptic DA function.
The aim of the present study was to determine if intraventricular adrenal medulla grafts affect the balance in presynaptic DA function between the two striata independently from the balance in postsynaptic DA function in hemiparkinsonian rats. The symmetry in presynaptic DA function between the intact and DA-denervated striatum was analyzed behaviorally with amphetamine and neurochemically using bilateral in viva microdialysis. The symmetry in postsynaptic function was analyzed with apomorphine-induced rotational behavior and quantitative in vitro DA receptor autoradiography. All of these measures were conducted in the same animals so that the relationships among the behavior, neurochemistry, and receptor binding could be directly analyzed. Our findings indicate that animals with a graft-induced recovery ofthe behavioral response to amphetamine also have normalized presynaptic and postsynaptic striatal DA symmetries assessed by in vivo microdialysis and DA receptor binding; those animals with a graftinduced decrease in the behavioral response to apomorphine do not have these symmetries restored. Furthermore, the amelioration of asymmetry in postsynaptic striatal D, DA receptor binding was highly correlated with the restoration of presynaptic DA function but not with the behavioral response to apomorphine. By examining the different measures of recovery of function in the same animals, we are able to determine the extent that these measures are related. The association of normalized presynaptic striatal DA release and postsynaptic striatal D, DA receptor binding with decreased amphetamine-induced turning suggests that research focused on the mechanisms promoting this type of behavioral recovery will be beneficial in both the clinical and basic research settings.
Materials and Methods
Surgery and behavioral testing. Adult female Long-Evans rats (180-200 gm) were maintained on a 14:lO hr (light:dark) cycle with food and water continuously available. All experimental procedures were conducted in accordance with an approved University Committee on Use and Care of Animals protocol. The surgical and behavioral procedures used in this study have been described in detail previously (Curran and Becker, 199 1) . Briefly, the animals were tested for a rotational bias with 0.85 mg/kg amphetamine (Robinson and Becker, 1983) . Each animal received a unilateral infusion of 6-OHDA-HBr (8 ~'4 ul at 0.5 ullmin)
\ .-into the substantia nigra contralateral to the preferred direction of rotation during the amphetamine tests. Two weeks later the rats were screened for complete lesions with 0.25 mg/kg apomorphine (SC., 1 hr) and then 0.85 mg/kg amphetamine (i.p., 1 hr). Those animals that passed criteria (Curran and Becker, 1991) were repeatedly treated with amphetamine to sensitize and stabilize the rotational behavior induced by this drug (Robinson et al., 1982) . Following the amphetamine sensitization, the rats underwent pregraft rotational behavior testing with 0.1 mg/kg apomorphine (s.c.). One hour tests were separated by 48 hr and conducted until rotational behavior stabilized (three to six tests). The testing schedule was then repeated for rotational behavior induced by 3.0 mg/kg amphetamine (i.p., 2 hr tests).
Following the pregraft rotational testing with both apomorphine and amphetamine, the rats received intraventricular adrenal medulla grafts (n = 34) or intraventricular adrenal cortex grafts (n = 8), or remained as lesion-only controls (n = 12; four of these animals were tested for rotational behavior as though they had received a graft). The graft tissue was obtained from female Long-Evans rats as previously described (Curran and Becker, 199 1) . Starting at 6 weeks postgraft, the animals were tested once a week with 0.1 mg/kg apomorphine (1 hr test) and 48 hr later with 3.0 mg/kg amphetamine (2 hr test). The postgraft testing continued until 22 weeks postgraft (n = 5) or until 10 weeks postgraft (n = 41). The mean of the number of 360" turns induced in the last three postgraft behavioral tests for each drug was compared with the pregraft mean to calculate the percentage change in rotational behavior [(postgraft -pregraft) /pregraft x 1 OO%]. Rotational behavior andgroup assignment. Animals with adrenal medulla grafts (n = 34) were assigned to one of three groups based on their behavioral recovery. Animals that had at least a 10% decrease in a druginduced behavior postgraft were considered to express recovery in response to that drug (Becker et al., 1990a) . Six animals with adrenal medulla grafts had graft-induced decreases in the responses to both amphetamine and apomorphine, 3 animals exhibited a decrease only in the response to amphetamine, 13 animals showed a decrease only in the response to apomorphine (APO RECOV), and 12 animals did not show any behavioral recovery (NO RECOV). All animals with an adrenal medulla graft that exhibited at least a 10% decrease in the behavioral response to amphetamine have been considered as one group throughout this study (AMPH RECOV; n = 9). The AMPH RECOV animals that showed decreases in both amphetamineand apomorphine-induced turning (n = 6) were treated as a separate group from those that showed only a decrease in amphetamine-induced turning (n = 3) for initial comparisons. On all neurochemical and binding measures, however, there was complete overlap between these two groups, and so they were combined for all analyses reported here. ' The percentage decrease in amphetamine-induced turning for the AMPH RECOV group and the percentage decrease in apomorphine-induced turning for the APO RECOV group arc highlighted to stress the difference in behavioral recovery across groups. f' Pregraft testing for lesion-only groups (n = 12); postgraft testing for lesion-only group (n = 4).
illustrates the percentage change from pregraft rotational behavior for three behaviorally distinct groups of animals with intraventricular adrenal medulla grafts compared to animals with intraventricular adrenal cortex grafts (n = S) and lesion-only controls (n = 4). Pregraft rotational behavior induced by amphetamine and apomorphine did not differ among the five groups with unilateral substantia nigra lesions (Table 1) .
Within the two unilaterally DA-denervated control groups (adrenal cortex grafted and lesion-only), only one of the eight adrenal cortexgrafted animals and none of the lesion-only animals showed a greater than 10% decrease in amphetamine-induced turning. A different adrenal cortex-grafted animal had a greater than 10% decrease in apomorphineinduced turning postgraft. It should be noted, however, that the neurochemical and binding data of these two animals were not different from the other control animals and are included in the data reported. Furthermore, while all the animals were sensitized to amphetamine prior to the pregraft behavioral testing, there was still a tendency for all the arouns extent the AMPH RECOV aroun to exoress an increase in this-behavior diring postgraft testing. This is most likely due to the progressive nature of the sensitization phenomena; the more drug the animals are exposed to, the greater the sensitization. It is also possible that there is some drug-environment conditioning contributing to the enhancement of rotational behavior in some animals (see Robinson and Becker, 1986 , for a review).
In vivo microdialysis infreely moving animals. Following the postgraft rotational behavior tests, all the animals with unilateral substantia nigra lesions, plus five nonlesioned intact animals (INTACT) that underwent similar drug treatments, received implants of two guide cannulas aimed bilaterally at the denervated and intact striata. The animals were anesthetized with sodium pentobarbital (30 mg/kg) supplemented with methoxyflurane and two burr holes were drilled +0.2 mm anterior and a2.0 mm lateral from bregma. Two 21 gauge guide cannulas were lowered 1 .O mm from top of skull (skull flat) and secured in place with dental acrylic. The guide cannulas were kept patent with a 26 gauge stylet until use. At least 1 week later dialysis probes were lowered through the guide cannulas into the two striata and the animals underwent in vivo microdialysis 12-l 8 hr later. The dialysis probe was of a concentric design adapted from Robinson and Camp (1991) . The dialysis membrane was 4 mm in length with a 250 pm outer diameter and a MW cutoff of 6000. Sixteen to eighteen hours following implantation, the dialysis experiments began. Throughout the experiment a Ringer's solution (145 mM NaCl, 2.7 mM KCl, 1.2 mM CaCl,, and 1 .O mM MgCI,; pH 7.3) was pumped through the probe at 1.5 rllmin and dialysate samples were collected at 20 min intervals from freely moving animals. Samples were taken until stable basal striatal DA concentrations were obtained. All samples were analyzed for DA and dihydroxyphenylacetic acid (DOPAC) using HPLC with coulometric detection. Once basal DA and DOPAC concentrations were established in both the intact and DAdenervated striatum, the animals received a systemic injection of 3.0 mg/kg amphetamine (i.p.) and dialysate samples were collected for an additional 160 min. The dialysis data from just the denervated striatum (but not from the contralateral intact striatum) of 13 of the 34 rats with adrenal medulla grafts and 2 of the 8 rats with adrenal cortex grafts have been previously presented (Curran and Becker, 199 1) .
D, and D, DA receptor autoradiography.
At least 1 month after the completion of all behavioral testing and the in vivo microdialysis procedure (to avoid possible confounding effects of drug treatment), all animals were decapitated and the brains were removed and quickly frozen on dry ice. This was approximately 8-10 months after the initiation of the experiment and 24 months after the last behavioral test. This interval did not vary by group, nor was it correlated with graft survival. Five nonlesioned intact animals (INTACT) of the same age that received drug treatment but did not undergo dialysis were added to this part of the experiment. The brains were then stored at -70°C until processed for D, and D, DA receptor autoradiography (Richfield et al., 1987) and tyrosine hydroxylase (TH) mRNA in situ hybridization (see below). Twenty micrometer coronal sections were cut through the rostrocaudal extent of the striatum. Representative sections through the substantia nigra were also collected and utilized in the in situ hybridization experiments to confirm the analysis oflesion size with cell counts discussed below. The sections were cut on a cryostat maintained at -15°C and thaw mounted onto 2 x chrom-alum-subbed slides. Alternate sections from each brain were used for the D, and D, assays. Every third section was mounted onto poly-L-lysine-subbed slides and stored at -70°C until processed for TH mRNA in situ hybridization.
The buffer solution for both the D, and D, binding density assays contained 25 mM Tris-HCl (DH 7.51 . 100 nM NaCl. 1 mM M&l,.
1 UM pargyline, and 0.00 1% ascorgate. Phbr to incubation, the tissie s&ions were warmed to room temperature. The slides were then incubated in the appropriate tritiated ligand-buffer solution for 2.5 hr at room temperature. This was followed bv a 10 min wash in buffer at 4°C and a 3 set dip in distilled water at 4°C; the sections were then dried under a cool stream of air.
The D, assay contained 3H-SCH23390 (Amersham; 83 Ci/mmol) at a concentration of 550 PM. Nonspecific binding was determined by the addition of 1 PM cis-flupentixol to the ligand-buffer solution. The D, assay contained 3H spiperone (Amersham; 93 Ci/mmol) at a concentration of 250 PM in the presence of 100 nM mianserin to block binding to the 5-HT type 2 receptor. Nonspecific binding was determined by the addition of 10 PM DA. D, saturation experiments were also conducted on a subset of the animals used in the above binding density experiments. These assays used the same buffer and incubation time with concentrations of )H spiperone (Amersham, 100 Ci/mmol) from 0.05 to 2.5 nM.
The dried slides from each assay were placed in X-ray cassettes with 14C standards and apposed to LKB Ultrofilm 'H for 3 weeks (D, assay) or 4 weeks (D, assay). The 14C standards were calibrated for 3H concentrations as described by Pan et al. (1983) . All binding data were determined directly from film densities. Films were analyzed using a photographic enlarger and a computer to determine optical densities (Richfield et al., 1987) . The striatum was divided into four quadrants (dorsomedial, dorsolateral, ventromedial, and ventrolateral) to assess regional differences in binding densities. A computer-generated polynomial regression analysis used the mean of readings from each area to determine the amount of 'H label bound per milligram of protein.
TH mRNA in situ hybridization. The in situ hybridization experiments utilized a TH oligonucleotide (New England Nuclear) according to standard techniques (Watson et al., 1988) . Briefly, the sections were removed from -70°C and placed into 4% paraformaldehyde for 1 hr at room temperature. The sections were washed with phosphate-buffered saline, treated with acetic anhydride, and dehydrated through graded alcohols. Control sections were pretreated with 200 j&ml RNase A. The TH probes were labeled with %S using a New England Nuclear oligonucleotide 3' end labeling system and )5S-dATP. The %-TH probes were diluted with hybridization buffer (Watson et al., 1988) to give 3 x IO5 dpm/30 ~1. Thirty microliters of buffer were added to coverslips; the coverslips were then placed over the sections and secured with rubber cement. The sections were incubated in moist chambers overnight at 37°C. The next day, the coverslips were removed and the sections were washed in decreasing salt concentrations. The slides were air dried and apposed to x-ray film for 7 d. Slides were then dipped in Kodak NTB-2 emulsion and stored in light-tight boxes for 24 months. Following the development ofthe emulsion-dipped slides, representative sections were stained with hematoxylin and eosin to visualize the adrenal medulla or adrenal cortex grafts.
The brain from one animal with an adrenal medulla graft was processed using a TH riboprobe (donated by Drs. Kwak and Watson, The University of Michigan), and consecutive sections were processed with either the cRNA probe or the corresponding sense probe for controls. Ten micrometer sections were cut through the rostrocaudal extent of the striatum. Alternate sections were incubated with hybridization buffer containing either the antisense or sense TH riboprobe. A subgroup of the sections were pretreated with RNase A. The pre-and posthybridization procedures were conducted as described by Watson et al. (1988) .
Histologyandcell counts. Histological analysis ofdialysis probe placement consisted of cresyl violet-stained coronal sections at the level of the striatum. The dialysis data obtained from any probe not located within the striatum were dropped from the study. As mentioned above, the sections used in the TH in situ experiments were stained with hematoxylin and eosin, as were additional sections throughout the rostrocaudal extent of the striatum and lateral ventricles. These sections were examined for graft placement. Surviving grafts were analyzed for chromaffin cells.
Coronal sections at the level of the substantia nigra were also stained with cresyl violet and analyzed for lesion size. Analysis of lesion size was conducted using the fractionator method, a stereological technique described in detail by Gundersen et al. (1988) . Briefly, both the intact and lesioned substantia nigra zona compacta of each animal were subdivided into three fractions (medial, mediolateral, and lateral) at two rostrocaudal levels. A random subpopulation of the medium-sized dopaminergic neurons (15-20 pm) (Gulley and Wood, 197 1) within a 250 x 250 pm grid at 400x magnification were then counted. Cell counts within the substantia nigra of rats without 6-OHDA lesions were conducted to determine normal neuronal density. No difference was observed in cell numbers within the intact substantia nigra of unilaterally lesioned animals and those of rats without 6-OHDA lesions. The total number of cells within the lesioned substantia nigra of each animal was therefore expressed as a percentage decrease in number of cells relative to the contralateral (intact) side.
Results
In vivo microdialysis in freely moving animals Basal extracellular DA and DOPAC concentrations in dialysate from both the denervated and intact striatum of the five groups with unilateral striatal DA denervations are shown in comparison to values obtained bilaterally from nonlesioned, INTACT animals (n = 5) in Figure 1 . The data from the left and right striata of the INTACT animals were randomly assigned to the denervated and intact groups (Fig. 1, left Fig. 1D ; F(5,35) = 0.36; p = 0.871 in dialysate from the contralateral (intact) striaturn among the six groups.
The effect of amphetamine on DA and DOPAC concentrations in dialysate from both the denervated and intact striatum of the six groups is shown in Figure 2 . These groups differed in amphetamine-stimulated DA release within the denervated striatum as indicated by a significant main effect ofgroup [F(5, Figure 1 . Basal extracellular DA and DOPAC concentrations in dialysate from the denervated and contralateral intact striatum of AMPH RECOV, APO RECOV, NO RECOV, cortex-grafted, lesion-only, and INTACT animals. There was a significant difference in basal extracellular DA (A) and basal extracellular DOPAC (C) concentrations within the denervated striatum among the six groups. *, Both AMPH RECOV and INTACT animals had significantly higher basal extracellular DA concentrations compared to the denervated striatum of APO RECOV, NO RECOV, cortex-grafted, and lesion-only animals (p < 0.05). **, INTACT animals had higher basal extracellular striatal DOPAC concentrations than the denervated striatum of all five groups with unilateral striatal DA depletions (p < 0.05). t, AMPH RECOV animals had significantly higher basal extracellular DOPAC concentrations within the denervated striatum compared to all other unilaterally lesioned groups (p < 0.05). There were no significant differences in either basal extracellular DA (B) or basal extracellular DOPAC (D) concentrations within the contralateral intact striatum among the groups.
fore, were used for analyses comparing the intact striatum across groups and the data from the right striatum were used in comparisons of the denervated striatum across groups. Unilateral 6-OHDA lesions of the substantia nigra did not affect striatal D, DA receptor binding densities (Fig. 3A) . Since we found no lesion effect on the striatal D, DA receptor binding density, no further analyses of D, DA receptor binding were conducted. (Fig. 4A) . This difference was significantly greater than the left/right differences observed in the INTACT animals (p < 0.05). Unilaterally DAdenervated animals with adrenal cortex grafts (n = 6) or adrenal medulla grafts and NO RECOV (n = 10) showed similar differences in D, DA receptor binding within the denervated striaturn that were also significantly greater than INTACT animals (p < 0.05). The percentage difference in D, DA receptor binding for APO RECOV animals (n = 9) was significantly greater than ). There was a significant difference in amphetaminestimulated DA release (A) and the amphetamine-stimulated decline in extracellular DOPAC (C) within the denervated striatum among the six groups. *, AMPH RECOV animals were not significantly different from INTACT animals; both groups had significantly higher extracellular striatal DA concentrations compared to all other groups (p < 0.05). t, AMPH RECOV animals had significantly lower extracellular striatal DA and/or DOPAC concentrations than INTACT animals; both the AMPH RECOV and INTACT groups were significantly higher than all other groups (p < 0.05). **, INTACT animals had higher extracellular striatal DOPAC concentrations compared to all other groups (p < 0.05). There was no significant difference in the amphetamine-stimulated DA release (B) or the amphetamine-induced decline in extracellular DOPAC concentrations (D) within the contralateral intact striatum among the six groups.
RECOV group the lesion/intact percentage difference in striatal D, DA receptor binding was significantly less than that observed in the lesion-only and NO RECOV animals (p < 0.05).
A breakdown of striatal D, DA receptor binding into quadrants revealed more striking effects of adrenal medulla grafts on the lesion-induced increase in D, DA receptor binding densities. In the dorsolateral striatum (Fig. 4B ) a significant increase in D, DA receptor binding was found within the DA-denervated striatum of all five groups with unilateral striatal DA denervation compared to left/right differences in INTACT animals (p < 0.05). Analysis of the dorsomedial striatum, however, showed a normalization of D, DA receptor binding in the AMPH RECOV animals (Fig. 4C) , where AMPH RECOV animals were not significantly different from INTACT animals. In addition, the percentage difference in D, DA receptor binding found for the APO RECOV, NO RECOV, cortex-grafted, and lesion-only groups was significantly higher than both the AMPH RECOV and the INTACT groups (p < 0.05). The percentage difference in D, DA receptor binding in the ventromedial quadrant following a unilateral DA denervation was less than in the dorsal quadrants (Fig. 40) . Only the lesion-only, NO RECOV, and cortex-grafted animals had a significant increase compared to INTACT animals (p < 0.05). No left/right differences were observed in these two values. Furthermore, no significant differences were seen in the raw values for either Kd or B,,, when compared across groups (Table 2) . However, when the percentage differences in B,,, between the intact and denervated striatum were compared across groups, a lesion and a graft effect was observed [F(5,16) = 3.36; p = 0.0291, similar to that observed in the D, binding density shown in Figure 4 . Apparent differences between the saturation study and the single point binding density study may be due to the greater variance observed within groups for the saturation study.
Correlation analyses of behavior, neurochemistry, and receptor binding
Correlation analysis of the microdialysis data from the denervated striatum of the five groups with unilateral 6-OHDA lesions and the percentage difference in D, DA receptor binding density revealed that there is a significant correlation between the two measures. A comparison of amphetamine-stimulated DA release at 40 min postamphetamine (peak response) and D, DA receptor symmetry within the dorsomedial striatum showed a high correlation (R2 = 0.43 1; p = 0.000 l), with the greatest extracellular DA concentrations being associated with the lowest percentage difference in D, DA receptor binding, as can be seen in Figure 5A . Analysis of amphetamine-stimulated DA release and the symmetry in D, DA receptor binding for the whole striatum revealed a weaker correlation (RZ = 0.163; p = 0.022). Basal extracellular DA concentrations within the denervated striatum were not correlated with the percentage difference in D, DA receptor binding when the whole striatum was analyzed (R2 = 0.052; p = 0.21). There was, however, a stronger correlation between basal DA and the symmetry in D, DA receptor binding within the dorsomedial striatum (R2 = 0.284; p = 0.00 17) Although the AMPH RECOV animals as a group had a significant potentiation in basal and amphetamine-stimulated extracellular DA concentrations and a significant decrease in the D, DA receptor upregulation, a correlation analysis was conducted to see if the magnitude of decreased amphetamine-induced turning (using all unilaterally lesioned animals) was predictive of the magnitude of the normalization of these pre-and postsynaptic DA measures. Both basal (R2 = 0.20; p = 0.02) and amphetamine-stimulated (R* = 0.18;~ = 0.03) extracellular DA concentrations within the denervated striatum were positively correlated with the magnitude ofdecreased amphetamineinduced turning behavior. The magnitude of decreased amphetamine-induced turning was also significantly correlated with enhanced symmetry in D, DA receptor binding between the intact and DA-denervated striatum, with the greatest decrease in amphetamine-induced turning being associated with greater symmetry in D, DA receptor binding (whole striatum: R2 = 0.32, p = 0.002; dorsolateral striatum: R2 = 0.24, p = 0.01).
Analysis of the correlation between the magnitude of decreased apomorphine-induced turning and either extracellular DA concentrations or postsynaptic DA receptor binding for all animals with unilateral 6-OHDA lesions revealed that a decrease in apomorphine-induced rotational behavior is not associated with recovery of either pre-or postsynaptic DA function. There was no correlation between the percentage change in apomorphine-induced turning and basal extracellular DA concentrations within the denervated striatum (R2 = 0.008; p = 0.65) nor was there a correlation between changes in apomorphine-induced turning and the peak increase in striatal extracellular DA concentrations following amphetamine (R2 = 0.000006; p = 1.0). Analysis of the percentage change in apomorphine-induced turning and the percentage difference in D, DA receptor binding for the whole striatum indicated that these events were not related (R2 = 0.034; p = 0.35), nor was apomorphine-induced turning related to the percentage change in D, DA receptors binding in the dorsomedial quadrant ( Fig. SB ; R2 = 0.0025; p = 0.9). Our behavioral criteria, therefore, have not biased the relations between our neurochemical/binding measures and behavioral recovery. We conclude that normalization of extracellular striatal DA symmetry is associated with TH mRNA in situ hybridization Examination of graft survival with TH mRNA in situ hybridization and/or hematoxylin and eosin staining revealed that surviving adrenal medulla grafts, but not adrenal cortex grafts, expressed a positive signal for TH mRNA (see Fig. 6 ). Of the seven rats in the AMPH RECOV group that were analyzed in this manner, four animals had surviving adrenal medulla grafts within the lateral ventricle adjacent to the denervated striatum and three animals had no surviving grafts. As stated above, the time lag between the last behavioral test and obtaining the tissue for histology was 2-4 months. Thus, it is possible that there was graft rejection after the behavioral tests in some animals. Three of four surviving grafts expressed positive signal for TH mRNA. One of these animals had a graft within the denervated striatum; a glial scar was observed surrounding the graft but surviving chromaffin cells (with TH signal) and connective tissue were seen within the graft itself. Four of the six APO RECOV animals examined also had surviving grafts within the lateral ventricle with two animals showing no evidence of graft survival. Two of the four surviving adrenal medulla grafts in this group were positive for TH mRNA. Within the NO RECOV group only four out of eight animals were observed to have an adrenal medulla graft within the lateral ventricle adjacent to the denervated striatum but very little to no signal was observed for TH mRNA. Of the remaining four NO RECOV animals, one had no surviving graft, and two had a graft within the cerebral cortex and one was caudal to the intended graft site adhered to the hippocampal commissure (see Curran and Becker, 199 1) . Hematoxylin and eosin staining of tissue sections from all six animals that had received adrenal cortex grafts showed that only two of the six had surviving grafts. Both of these animals had grafts located within the lateral ventricle and neither graft had any visible chromaffin cells mixed in with the cortical tissue.
Further, one of the grafts was processed for TH in situ hybridization but no signal was observed. Hybridization specificity was examined with a TH riboprobe, the corresponding sense probe, and RNase A pretreatment in adjacent 10 pm coronal sections of an animal with a surviving adrenal medulla graft (Fig. 7) . This animal was not represented in the above behavioral, neurochemical, or receptor binding analyses due to an incomplete substantia nigra lesion.
Histology and cell counts
Histological analysis indicated that the dialysis probes were within the striatum for all the data shown. Some probes were found to be within the lateral ventricle; the data from those probes were not included in the microdialysis results. This resulted in the exclusion of five animals (AMPH RECOV, n = 2; APO RECOV, n = 1; NO RECOV, n = 2).
Cell counts within both the intact and lesioned substantia nigra zona compacta indicated that all animals had greater than 90% destruction of DA cells in this area. Table 3 indicates that there was no significant difference in lesion size among the five groups with unilateral substantia nigra lesions. All groups had a mean lesion size greater than 95%. The substantia nigra lesions were confirmed in a subset of animals from all lesioned groups using TH in situ hybridization. Analysis of the number of THpositive neurons within the adjacent ventral tegmental area of these animals showed varying degrees of DA neuron loss with no animal having a complete lesion of this structure. The variability in ventral tegmental area damage was comparable for all five of the lesioned groups.
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Discussion
The results of the experiments presented here indicate that those animals with adrenal medulla grafts that show a decrease in the behavioral response to amphetamine (i.e., the AMPH RECOV group) have the most effective grafts. The adrenal medulla graftinduced decrease in the behavioral response to amphetamine is associated with the restoration of striatal pre-and postsynaptic DA symmetry. Basal and amphetamine-stimulated extracellular DA concentrations within the DA-denervated striatum adjacent to adrenal medulla grafts in animals with AMPH RECOV were significantly enhanced relative to all other unilaterally DA-denervated groups and were not significantly different from intact striatum. The bilateral neurochemical analysis conducted indicates that the enhanced extracellular DA concentrations within the denervated striatum of AMPH RECOV animals restore the balance in presynaptic DA function between the two striata. The symmetry in striatal D, DA receptor binding density was also restored in this group. The graft-induced restoration of striatal D, DA receptor binding symmetry was strongly correlated with the increased extracellular striatal DA concentrations. In contrast to the AMPH RECOV animals, extracellular striatal DA within the DA-denervated striatum was not augmented in APO RECOV animals, with the extracellular DA concentrations in these animals not differing significantly from lesion-only animals. The APO RECOV animals also did not show a substantial decrease in the lesion-induced D, DA receptor upregulation. Furthermore, there was no correlation between D, DA receptor symmetry and the magnitude of the graft-induced decrease in the behavioral response to apomorphine. These results demonstrate that only adrenal medulla grafts that promote AMPH RECOV ameliorate the asymmetry in pre-and postsynaptic DA measures between the two striata, suggesting that AMPH RE-COV animals are expressing recovery of DA function and that APO RECOV animals are not. The normalization of striatal presynaptic DA symmetry in AMPH RECOV versus APO RECOV animals may involve the accessibility of graft and/or peripheral DA to the denervated striatum. Previously we have shown that animals with behaviorally effective adrenal medulla grafts have a disrupted bloodbrain barrier (BBB) at the graft/striatum interface (Curran and Becker, 1991) . In contrast, the BBB is intact in animals with NO RECOV following adrenal medulla grafts, in animals with adrenal cortex grafts, in animals with unilateral 6-OHDA lesions and no graft, and in the intact striatum of all the DA-denervated animals. Disruption of the BBB may therefore be necessary for both AMPH RECOV and APO RECOV. In the previous experiment we demonstrated that peripherally administered DA has greater access to the striatum in AMPH RECOV animals than in APO RECOV animals, so restoration of extracellular DA concentrations may be related to the ease with which DA can penetrate the striatum. Robinson and Whishaw (1988) have demonstrated that the extent of striatal DA denervation affects basal striatal DA concentrations. We found no significant difference in lesion size among the groups with unilateral 6-OHDA lesions. A disparity in the size of the substantia nigra lesion, therefore, was not responsible for the difference in striatal extracellular DA concentrations between the AMPH RECOV group and the other lesion/grafted groups including the APO RECOV group. However, in all groups there were surviving DA neurons within the ventral tegmental area. This finding suggests that one mechanism by which behaviorally effective adrenal medulla grafts may enhance extracellular striatal DA is to promote sprouting from remaining midbrain DA neurons that project to sites adjacent to the DA-denervated striatum. This phenomenon has been suggested previously by Bohn et al. (1987) , who examined adrenal medulla grafts in MPTP-treated mice. A systematic analysis of TH-positive fibers within the striatum of the animals in the present study was not possible to conduct simultaneously with the receptor binding and in situ hybridization methods. However, future studies will examine possible differences in this measure between behaviorally distinct groups following adrenal medulla grafts to help determine if graft-induced sprouting is related to the different behavioral profiles we observe.
The TH mRNA in situ hybridization experiments were conducted to determine if surviving grafts were still capable of producing catecholamines. The results from these experiments need to be interpreted cautiously, however, since 2-4 months elapsed between the behavioral analysis and the removal of the brain. In general, all groups had animals with no surviving grafts, although the two groups with behavioral recovery, AMPH RE-COV and APO RECOV, had a higher survival rate and/or proper graft placement than those animals with NO RECOV following adrenal medulla grafts. In a previous study, it was shown that there is no correlation between the number of surviving chromaffin cells and behavioral recovery (Takashima et al., 1992) . In the present study, those animals with surviving adrenal medulla grafts and NO RECOV tended to have grafts that were misplaced in the cerebral cortex or not adhered to the wall of the ventricle adjacent to the denervated striatum. In contrast, all surviving grafts in the AMPH RECOV and APO RECOV animals were located within the lateral ventricle adjacent to the denervated striatum (one AMPH RECOV animal did have a surviving graft within the denervated striatum itself). Appropriate graft placement, therefore, appears to be necessary for behavioral recovery. Furthermore, a large proportion of the surviving adrenal medulla grafts associated with behavioral recovery displayed positive signal for TH mRNA indicating that catecholamine production was possible. One animal with a surviving adrenal cortex graft was processed for TH mRNA; this animal did not express a positive TH mRNA signal indicating that the signal was tissue specific. The presence of TH mRNA in a subset of the surviving adrenal medulla grafts, therefore, indicates that the graft could be the potential source of DA to the denervated striatum.
We found enhanced symmetry in D, DA receptor binding within the AMPH RECOV group but not the APO RECOV group. This is rather surprising at first glance since previous reports have linked D, receptor upregulation with the intensity of apomorphine-induced turning (Creese et al., 1977) . Our findings, however, indicate that the enhanced D, DA receptor binding found following unilateral striatal DA depletions does not correlate with the phenomenon of behavioral supersensitivity to DA agonists. In this experiment, the AMPH RECOV group includes animals with a graft-induced decrease in the behavioral response to both amphetamine and apomorphine or just in response to amphetamine. The neurochemical changes as well as the decrease in D, DA receptor upregulation observed in the AMPH RECOV group occurred even in those animals that did not express decreased apomorphine-induced rotational behavior. Together with the significantly smaller decrease in D, DA receptor upregulation seen in the APO RECOV animals these results suggest that the D, DA receptor asymmetry does not directly mediate apomorphine-induced rotational behavior. In fact, we observed a double dissociation between behavioral supersensitivity and DA receptor upregulation. Within the dorsomedial striatum, those animals that showed a decrease exclusively in the behavioral response to apomorphine (APO RECOV) did not show a decrease in D, DA receptor upregulation and, conversely, a subset of the AMPH RECOV animals that had no change in apomorphine-induced turning, showed a normalization in D, DA receptor binding densities.
Other studies using different experimental paradigms support the idea that enhanced D, DA receptor binding does not mediate apomorphine-induced rotational behavior. LaHoste and Marshall (1991) examined the D, DA receptor upregulation that occurs following a unilateral substantia nigra lesion in conjunction with the upregulation that occurs following chronic treat-ment with D, antagonists. Unilaterally DA-denervated rats exhibited vigorous contralateral rotational behavior following DA agonist treatment that was not altered by subsequent chronic treatment with a D, antagonist; even though both the intact and DA-denervated striatum showed comparable increases in D, DA receptor binding following DA antagonist treatment. Mileson et al. (199 1) compared animals with unilateral and bilateral DA depletions and also reported a dissociation between D, DA receptor upregulation and behavioral supersensitivity. The present results and the two additional studies discussed above provide strong evidence, from three very different experimental paradigms, that the upregulation of D, DA receptors in the DAdenervated striatum does not directly mediate the behavioral supersensitivity that occurs following striatal DA denervation.
While the lesion-induced D, DA receptor upregulation is not closely associated with behavioral supersensitivity (apomorphine-induced turning), it is sensitive to extracellular striatal DA concentrations. Enhanced extracellular DA concentrations within the DA-denervated striatum were highly correlated with the enhanced symmetry in D, DA receptor binding, and the symmetry in both pre-and postsynaptic DA measures was restored in the AMPH RECOV animals. These findings indicate that only adrenal medulla grafts that promote AMPH RECOV are enhancing measures of striatal DA activity, suggesting that this type of recovery will be more beneficial in terms of treatment for Parkinson's disease.
In the present study, we observed an average decrease of 22% in amphetamine-induced rotational behavior by adrenal medulla grafted animals that expressed recovery to this drug. A more robust recovery in amphetamine-induced turning has been observed with intrastriatal transplants of fetal substantia nigra tissue. One possible reason for the smaller decrease seen in the present study and in previous work with adrenal medulla tissue is the location of the graft in the lateral ventricle. In the present study, using in vivo microdialysis we measured extracellular DA concentrations within the medial striatum adjacent to the ventricle. It is unknown if extracellular DA concentrations are enhanced in AMPH RECOV animals at sites more distal from the graft. Since the normalization of D, DA receptor binding was seen in the dorsomedial striatum but not in the dorsolateral striatum of these animals, it is likely that intraventricular adrenal medulla grafts that promote AMPH RECOV are not enhancing extracellular DA concentrations within the dorsolateral striatum. In studies using fetal mesencephalic tissue transplants, graft placement has been found to be critical for the reduction of amphetamine-induced turning (Dunnett et al., 198 1; Mandel et al., 1990) . In these studies, grafts that were placed dorsally in the center of the striatum ameliorated amphetamine-induced turning behavior whereas grafts placed in the ventrolateral striaturn did not. The centrally placed fetal tissue grafts are capable of providing a new DA source to the dorsomedial and dorsolateral striatum whereas intraventricular adrenal medulla grafts appear to affect only the dorsomedial striatum. Thus, for adrenal medulla grafts in the lateral ventricle to produce even a 22% decrease in amphetamine-induced turning reflects a significant functional recovery.
In previous studies we have reported that the decrease in apomorphine-induced turning after intraventricular adrenal medulla grafts is correlated with an increase in serum DA concentrations (Becker and Freed, 1988a,b) . In a recent study this phenomena was once again replicated (Takashima et al., 1992) . In a very comprehensive study that included adrenalectomized and adrenal-intact animals with intraventricular grafts of adrenal medulla, sciatic nerve, or a sham graft, serum DA was increased in all groups of adrenal-intact rats, but not in any of the adrenalectomized groups. There was a significant decrease, however, in apomorphine-induced turning in both adrenal-intact and adrenalectomized rats with adrenal medulla grafts, but not in the control groups. Thus, in spite of the correlation between serum DA and the decrease in apomorphine-induced turning after adrenal medulla grafts, an increase in serum DA is neither necessary nor sufficient to induce a decrease in apomorphine-induced rotational behavior (Takishima et al., 1992) . The present study revealed that decreased apomorphine-induced turning is not associated with increased extracellular DA concentrations within the DA-denervated striatum. Together, these findings suggests that adrenal medulla graft derived substances other than DA, such as trophic factors (see Stromberg et al., 1985; Freed et al., 1990 , for review), may be involved in the reduction of apomorphine-induced turning behavior. It has been shown that intraventricular or intrastriatal adrenal medulla grafts promote a greater decrease in apomorphine-induced rotational behavior when the graft site is chronically treated with NGF (Stromberg et al., 1985; Pezzoli et al., 1988) . The intraventricular or intrastriatal infusion of NGF alone, however, had no effect on apomorphine-induced rotational behavior. These studies provide evidence that trophic factors are able to influence apomorphine-induced turning behavior. Furthermore, adrenal medulla grafts have been found to contain a number of trophic substances including basic fibroblast growth factor (Blottner and Unsicker, 1989 ) and administration of this growth factor has been has been shown to induce sprouting of dopaminergic neurons in MPTP treated mice (Otto and Unsicker, 1990) .
Our results show that the 6-OHDA lesion-induced upregulation of D, DA receptors is not reversed following adrenal medulla grafts that reduce apomorphine-induced rotational behavior. On the other hand, the decrease in apomorphine-induced turning may reflect a reorganization of the association between striatal DA receptors and their effector system or a reassociation between D, and D, DA receptors. Research by Ariano (1989) has shown that following unilateral striatal DA denervation there is a dissociation of D, DA receptor binding and CAMP immunoreactivity localized in striatal neurons. Furthermore, there is normally a synergistic relationship between D, and D, DA receptors that is uncoupled following striatal DA denervation (Breese et al., 1987; Sonsalla et al., 1988) . Adrenal medulla graft-induced changes in either measure of DA receptor function would not be noted with the methods employed in this study.
Future studies need to determine whether a decrease only in apomorphine-induced turning is truly functional recovery or if it is detrimental. It has been suggested that the increase in postsynaptic DA receptor sensitivity measured by apomorphineinduced turning is a compensatory mechanism that enhances the functional activity of the remaining presynaptic DA terminals in unilaterally DA-denervated rats, producing spontaneous recovery of function (Marshall, 1979) . The absence of increased symmetry in extracellular striatal DA concentrations within the APO RECOV group is in contrast to our previous findings (Becker et al., 1990b) where the asymmetry in extracellular DA was decreased in animals that showed decreased apomorphine-induced turning. In this previous study, the decreased neurochemical asymmetry included a decrease in ex-tracellular DA within the contralateral striatum and an increase within the DA-denervated striatum. In the present study there was a nonsignificant trend for extracellular DA concentrations to be decreased in the contralateral intact striatum of APO RECOV animals (Fig. 2) and there was no increase within the DA-denervated striatum. The number of animals included in the present study is almost three times greater than in the previous study, so it does not seem likely that the symmetry of extracellular striatal DA is promoting APO RECOV. In light of these findings, APO RECOV may actually be working against the spontaneous recovery induced by the postsynaptic compensatory changes. In other words, if a decrease in postsynaptic DA receptor supersensitivity is occurring in APO RECOV animals (as the decrease in apomorphine-induced turning behavior suggests), then the absence of increased presynaptic DA activity would actually increase the asymmetry between the intact and DA-denervated striatum. A decrease in apomorphine-induced turning, in the absence of decreased amphetamine-induced turning may, therefore, represents an adverse effect of adrenal medulla grafts. Future studies need to examine the effect of adrenal medulla grafts (and other graft tissues) on both amphetamineand apomorphine-induced rotational behavior so as to examine fully the potential of the grafts to promote recovery of function.
In conclusion, the results reveal that only adrenal medulla grafts that promote AMPH RECOV restore the balance between the intact and DA-denervated striatum in measures of pre-and postsynaptic DA function. In addition, the simultaneous analysis of pre-and postsynaptic DA measures in this study provides strong evidence that striatal D, DA receptor upregulation is linked to striatal extracellular DA concentrations and both of these measures are normalized in AMPH RECOV animals. The distinct behavioral and neurological effects of adrenal medulla grafts reported here illustrate the value of this method for investigating the complex alterations that occur within the striaturn following DA denervation and subsequent functional recovery. Further research on the mechanism(s) through which pre-and postsynaptic striatal DA activity is enhanced in animals with AMPH RECOV has strong potential to lead to better clinical success with adrenal medulla grafts and/or the development of more effective treatment paradigms for Parkinson's disease.
